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Abstract
Previous studies have indicated that peripheral resolution for achromatic gratings is sampling limited and directly related to the
density of the underlying midget ganglion cell population. Previous studies by the authors have shown that peripheral resolution for
blue-cone isolating gratings is also sampling limited, is robust to optical defocus and short-wavelength attenuation, and yields
estimates of sampling density which correspond closely with the density of small bistratiﬁed ganglion cells. We measured peripheral
resolution in a group of normal subjects ranging in age from 12 to 72 years, using both achromatic and blue-cone isolating gratings,
to determine how performance (and hence ganglion cell density) changed with age for both systems. Resolution was higher for
achromatic than blue–yellow gratings and performance was ﬂat for both until the ﬁfth decade. After this, performance declined for
both at a rate of 14%/decade with no signiﬁcant diﬀerence between the two rates of decline. Individual measurements of lens
density were not correlated with short-wavelength sensitive resolution performance in the older subjects, further indicating that the
decline in resolution was not attributable to pre-retinal absorption.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Considerable evidence now exists that the short-
wavelength sensitive (SWS) cone sensitivity in condi-
tions such as glaucoma (Greenstein, Hood, Ritch,
Steinberger, & Carr, 1989; Johnson, Adams, Casson, &
Brandt, 1993; Johnson, Brandt, Khong, & Adams, 1995;
Sample & Weinreb, 1990; Sample, Taylor, Martinez,
Lusky, & Weinreb, 1993) and diabetes (Greenstein et al.,
1989; Hudson et al., 1998; Remky, Arend, & Hendricks,
2000) can be reduced prior to achromatic visual ﬁeld
sensitivity. This evidence has also led to investigations of
age-related changes in SWS cone pathway of normal
individuals attempting either to establish age-matched
standards or to study the eﬀects of ageing in the normal
population (Eisner, Fleming, Klein, & Mauldin, 1987;
Johnson, Adams, Twelker, & Quigg, 1988; Remky,
Elsner, Morandi, Beausencourt, & Trempe, 2001;
Shinomori, Schefrin, & Werner, 2001; Werner & Steele,
1988). The SWS cone sensitivity was found to decrease
with age both in the fovea (Eisner et al., 1987; Werner &
Steele, 1988) and periphery (Haegerstrom-Portnoy,
1988; Johnson et al., 1988; Remky et al., 2001) at a
higher rate than either medium-wavelength sensitive
(MWS) or long-wavelength sensitive (LWS) cone sensi-
tivity. As it has been recognized that the selective loss
in the sensitivity to blue light might be due to the
age-related decrease of ocular media transmittance, in-
dividual measures have been corrected for media ab-
sorption in most of these studies. A large proportion of
the loss of SWS sensitivity with age (40–50%) has been
accounted for by lens absorption but even after the
correction, age-related SWS sensitivity loss was still
slightly but signiﬁcantly larger than for the MWS and
LWS systems (Eisner et al., 1987; Haegerstrom-Portnoy,
Hewlett, & Barr, 1989; Johnson et al., 1988; Werner &
Steele, 1988). This result has been often interpreted as
evidence that SWS cones and their related pathways are
more vulnerable than the pathways with MWS and
LWS cone input. However, it is also possible that the
deﬁcits observed using SWS isolating stimuli are as a
result of ‘‘reduced redundancy’’ (Johnson, 1994). Within
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this scenario, deﬁcits in a sub-population such as the
SWS-driven pathway (or any other non-overlapping
population), which under white-on-white stimulation
could be compensated for by cells from another popu-
lation, remain obvious under SWS-isolating conditions.
It is known that the ganglion cells receiving input from
SWS cones, so called small bistratiﬁed cells, constitute
only 1–6% of the total ganglion cell population (Dacey,
1993a). Moreover, there is no clear link between SWS
incremental sensitivity and the density of cells at some
particular level in the visual pathway. Age-related
changes are known to occur in cone morphology
(Marshal, 1979) and density (Marshal & Laties, 1985;
Yuodelis & Hendrickson, 1986), cone photopigment
density (van Norren & van Meel, 1985), optic nerve ﬁ-
bers (Balazsi, Rootman, Drance, Schulzer, & Douglas,
1984; Kergoat, Kergoat, Justino, & Lovasik, 2001;
Vrabec, 1965), as well as at cortical level (Devaney &
Johnson, 1980). However, it has been convincingly
shown that peripheral resolution acuity for achromatic
gratings is directly related to ganglion cell density
(Thibos, Cheney, & Walsh, 1987) provided that the
acuity is limited by the spacing of the underlying cell
array (sampling limited) rather than by insuﬃcient
contrast (contrast limited). Measurements of resolution
acuity under sampling limited conditions provide esti-
mates of midget ganglion cell density (Anderson, 1996;
Anderson & McDowell, 1997; Anderson, Drasdo, &
Thompson, 1995; Thibos et al., 1987) which closely
correspond to anatomical counts (Dacey, 1993b) and
have already been successfully used for detecting gan-
glion cell loss due to glaucoma (Anderson & OBrien,
1997) and ageing (Anderson & McDowell, 1997).
Although the loss of SWS cone visual ﬁeld sensitivity
with age has been intensively studied, the resolution
acuity of the SWS cone pathway has received little at-
tention. Nakai, Ohara, and Yokoyama (1981) measured
foveal acuity using blue Landolt-C rings superimposed
on a yellow background and found no change with age
up to 60 years for a group of 35 normal subjects. In
another study where foveal SWS acuity to gratings was
measured, no change with age was found, but large in-
dividual diﬀerences were demonstrated in a large group
of normal observers (ages 5–67, Swanson, 1989). It was
shown that these variations could not be explained by
individual diﬀerences in ocular media absorption or
diﬀerences in sensitivities of SWS cones but were par-
tially attributed to diﬀerences in accommodative state
between young and old observers.
Building on our companion study and previous work
(Anderson, Zlatkova, & Demirel, 2002), this study fo-
cuses on SWS resolution acuity under sampling limited
conditions. By measuring resolution acuity in normal
subjects of diﬀerent ages we attempted to examine the
relationship between resolution acuity and age and to
establish age-matched norms for a further clinical ap-
plication of resolution perimetry in conditions such as
glaucoma, under SWS cone isolation. To address the
question of the eventual selective loss in SWS cone
pathway we compared SWS cone mediated acuity with
the acuity mediated by the achromatic pathway. We also
wanted to evaluate the signiﬁcance of pre-retinal factors
on resolution acuity and for this aim individual mea-
surements of lens absorption were obtained.
2. Methods
2.1. Subjects
Fifty-two normal subjects (28 males, 24 females)
ranging in age from 12 to 72 years took part in the ex-
periment. Younger subjects were students and staﬀ
volunteers from the University. Elderly volunteer sub-
jects were recruited from the University Eye Clinic. All
subjects underwent full ophthalmic examination. The
subjects were included in the experiments if they met the
following criteria: visual acuity of 6/6 or better with best
correction, refractive errors within 5.0D sphere and
2.0D of foveal astigmatism, clear ocular media, no
clinically signiﬁcant ocular pathology, no history of
ocular disease or surgery and no history of diabetes or
other diseases aﬀecting vision. Only the eye with better
acuity was tested. All subjects had no measurable col-
our-vision deﬁciencies according to Ishihara and City
University Colour Vision Tests. All subjects gave in-
formed consent before participation in the experiment.
To avoid the eﬀects of age-related changes in pupil size
and also to provide suﬃciently high retinal illumination
for good SWS cone isolation, all subjects were dilated
using 1% Tropicamide. This resulted in a 7–8 mm pupil,
veriﬁed before and after each experimental session. No
artiﬁcial pupil was used.
2.2. Stimuli and apparatus
2.2.1. SWS acuity measurements
The apparatus took the form of a short-wavelength
resolution perimeter, the appearance of which is dis-
played in Fig. 1. Stimuli were short wavelength sinu-
soidal gratings generated by a Visual Stimulus
Generator VSG2/3 and were presented on a gamma-
corrected high-resolution monitor Sony 500PS (frame
rate of 100 Hz, pixel resolution of 1024 768, screen
size of 30 40 cm), using only the blue gun (CIE
x ¼ 0:147, y ¼ 0:07). They had the same mean lumi-
nance as their blue background that was set constant at
0.9 cd/m2 (48 td). The temporal luminance distribution
was a ramp with total stimulus duration of 1 s, including
a rise and decay time of 0.3 s.
The grating stimuli were optically superimposed on
an intense long-wavelength light with a constant lumi-
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nance of 600 cd/m2 (3 104 td), intended to eﬃciently
isolate SWS cone system. The details of the apparatus
and the procedure of SWS cone isolation are presented
in the companion paper.
The resolution acuity was measured at four retinal
locations at 13 eccentricities along four oblique me-
ridians (35, 145, 215 and 325).
The grating patch was circular with a diameter of 5.
This patch size allowed at least 2–3 cycles to be dis-
played even if the spatial frequency was low. Fixation
was maintained on the centre of the monitor using two
closely spaced, vertically aligned black squares, large
enough to be seen by older observers. The subjects ﬁx-
ated the central gap. The retinal eccentricities were
measured from the ﬁxation target to the centre of the
stimulus patch. Subjects were optically corrected at the
fovea for viewing distance and the shift of focus owing
to the short wavelength stimulus.
2.3. Achromatic acuity measurements
Achromatic detection and resolution acuity was also
measured at the same retinal locations with the yellow
background light source switched oﬀ. Stimuli were black
and green sinusoids on a green background with a
constant luminance (40 cd/m2), generated on the same
monitor, using only the green gun (CIE coordinates
x ¼ 0:294, y ¼ 0:616). The gratings were presented in 2-
D Gaussian windows and as before, had the same mean
luminance as their background. These stimulus-back-
ground conditions were designed to favour the achro-
matic pathway (with a Vk spectral sensitivity). The
spread parameter of the Gaussian window, r was 2. No
less than six grating cycles were contained in 2r spatial
spread of the Gaussian window, even at the lowest
spatial frequency tested, thus the eﬀect of the stimulus
size on the acuity should be negligible. The previously
determined refractive correction was placed in front of
the eye and again, was modiﬁed subjectively using the
same maximum contrast procedure.
2.4. Psychophysical procedure
The subject sat in a darkened room with his/her head
on a chin-rest and viewed the stimulus monocularly
through an aperture in the perimeter casing (the other
eye was patched). The viewing distance was 0.75 m.
Resolution acuity for both blue-on-yellow and green-
on-green gratings was measured using a spatial 2AFC
procedure and 3-up 1-down staircase method. The
grating was presented on each trial in one of two ori-
entations (45 or 135 oblique) randomly and with equal
probability. The subject had to indicate if the orienta-
tion of the grating was to the right or to the left by
pressing the appropriate button. Each interval was
preceded by an audible tone. The threshold was calcu-
lated as the mean of six reversal values. No feedback
was given. For each observer, the starting stimulus
spatial frequency was determined to be supra-threshold
on the basis of several practice trials and changed fur-
ther in 0.8 dB steps. The stimuli and the testing proce-
dure were explained to the subjects before the
experiments. Each subject received a practice session
prior to the data collection. These practice sessions
served both to familiarise the subjects with the task and
to assess the likely reliability of performance. When the
performance in the practice session stabilised, the main
experiment began with measurements of achromatic
acuity. The subjects then adapted for 2 min to the yellow
background followed by the SWS acuity measurements.
A typical examination including practice session lasted
for 30 min. Each subject participated only in a single
session.
2.5. Lens density estimate
Individual lens density (yellowing) estimates were
obtained for subjects aged 41–72 years from our sample
in additional sessions. Lens absorption was assessed by
measuring scotopic thresholds for short-wavelength and
long-wavelength stimuli. We used the approach of van
Norren and Vos (1974) with the assumptions that the
rhodopsin absorption curve does not vary among sub-
jects and that the diﬀerences between the rhodopsin
spectrum and individual scotopic sensitivity are due
entirely to diﬀerences in the pre-retinal media absorp-
tion, particularly the lens. A circular test ﬂash, 1.5 in
diameter was presented on the same monitor, using
Fig. 1. Appearance of short-wavelength resolution perimeter appara-
tus used to make peripheral resolution acuity measurements.
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white D6500 phosphor. One of two interference ﬁlters
(430 or 568 nm, 10 nm bandwidth) was placed in front
of the eye. The luminance was controlled by a set of
neutral ﬁlters. The subjects ﬁxated a spot at the bottom
of the monitor while the test stimulus appeared at 13
superior visual ﬁeld (inferior retina). Flash duration was
100 ms so as to avoid the eﬀects of ﬁxational eye
movements. The subjects viewed the monitor monocu-
larly using the same eye tested in the acuity sessions.
After 30 min of dark adaptation, scotopic thresholds
(background luminance of 0.005 cd/m2) were measured
by a staircase method using temporal two-alternative
forced choice for both short-wavelength and long-
wavelength stimuli. Subjects had to indicate which in-
terval contained a stimulus by pressing the appropriate
button. Several practice trials were given and then two
consecutive runs were performed under each condition.
If the results did not diﬀer considerably the threshold
was determined as an average value from the two mea-
surements. Additional measurements were performed if
the thresholds diﬀered by more than 0.2 log units. We
used in our calculations of relative lens density Dartn-
alls nomogram for the rhodopsin (Wyszecki & Stiles,
1982, Table 1 (8.2.3) and van Norren & Voss, 1974
procedure), taking into account that rhodopsin ab-
sorption at the two wavelengths used by us, diﬀered by
0.4 log units.
3. Results
The resolution acuity for all subjects as a function of
their age is presented in Fig. 2 for both blue-on-yellow
(SWS acuity) and green-on-green (achromatic acuity)
conditions. It can be seen that resolution acuity declines
with age, more noticeably after the age of 50. Although
some of the elderly subjects had comparatively low
resolution acuity, all of them were able to perform the
task. The data points represent average values at the
four retinal locations tested, as no signiﬁcant eﬀect of
location was found (two-way ANOVA, with age and
location as factors) for both SWS acuity (F ð3; 60Þ ¼
1:58, p > 0:2) and achromatic acuity (F ð3; 60Þ ¼ 1:07,
p > 0:368458). A signiﬁcant eﬀect of age was found on
both SWS acuity (F ð34; 60Þ ¼ 6:14, p < 0:001) and
achromatic acuity (F ð34; 60Þ ¼ 4:11, p < 0:001). To de-
termine the age where the acuity begins to decline sig-
niﬁcantly, data were divided into six age groups in 10
year steps. A signiﬁcant diﬀerence was found between
the groups (ANOVA, F ð5; 43Þ ¼ 4:19, p < 0:003) and
post hoc comparisons (Tukey test) revealed signiﬁcant
diﬀerences between subjects under 40 and groups of
older age (50–60 and 60–70), as well as between 50–60
and 60–70 years groups. No signiﬁcant diﬀerences were
found between groups in the age range 12–50 years.
These results suggest that the resolution acuity is not
linearly related to the age. Using polynomial regression
model, the best ﬁt was obtained using second order
polynom (R ¼ 0:7 for SWS acuity and R ¼ 0:61 for
achromatic acuity) which accounted for a larger com-
ponent of data variance (49% and 37%, respectively)
than the simple linear model (39% and 28%, respec-
tively) and also provided a distribution of residuals
which was closer to normal. Bilinear ﬁt was also tested
and provided an intersection point between the two lines
at 41 years of age for SWS acuity and at 46 years of age
for achromatic acuity, the rate of acuity loss being 0%
before that point for both SWS and achromatic acuity
and 13% and 16% loss per decade, respectively, beyond
this point. The bilinear ﬁt did not provide any im-
provement in statistical parameters, and as there was no
reason to expect a sharp decline in the acuity at a par-
ticular age, the non-linear model was considered to
provide a better ﬁt to our data.
To determine if there was any selective age-related
loss in SWS acuity relative to the achromatic acuity, the
ratio of SWS/achromatic acuity for each subject was
calculated and plotted versus age in Fig. 3. This ratio
showed no correlation with age; the correlation coeﬃ-
cient (R ¼ 0:022) was not signiﬁcantly diﬀerent from
zero (t-test, p > 0:44). The mean ratio was 0.28, i.e. the
achromatic acuity was on average 3.5 times higher than
SWS cone acuity. As the lens yellowing might cause
selective SWS cone acuity decline in some elderly sub-
jects, we examined the correlation between the resolu-
tion ratio and relative lens density for subjects 41–72
years of age (Fig. 4). It can be seen that there is no sys-
tematic change in the resolution ratio with lens density.
A weak negative correlation was found (R ¼ 0:037)
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Fig. 2. Short wavelength (d) and achromatic () resolution acuity vs.
age. Data points indicate individual acuity values averaged across the
four locations. The solid lines represent best ﬁtting nonlinear func-
tions.
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which was not signiﬁcantly diﬀerent from 0 (t-test,
p > 0:45).
4. Discussion
The resolution acuity at the periphery was found to
display relatively little decrease at younger ages and
decline steadily after around 50 years. This is in agree-
ment with the decline reported by Sample, Martinez,
and Weinreb (1994) for SWAP. It can be observed that
the rate of this decline was very similar for SWS cone
driven and achromatic acuity. The SWS cone resolution
acuity decreased signiﬁcantly from 1.37 cycles/degree
(c/d) in the younger group (12–48 years) to 0.92 c/d in
the oldest group (60–72 years) and the achromatic res-
olution acuity decreased from 5.5 to 3.55 c/d respec-
tively, approximately 35% decline for both. We did not
ﬁnd any signiﬁcant acuity diﬀerences among the retinal
locations tested. It should be noted that the asymmetries
in resolution acuity between nasal and temporal retina
were reported for stimuli at 20 eccentricity or more
(Anderson & McDowell, 1997; Anderson, Mullen, &
Hess, 1991). Our ﬁndings obtained at 13 are more
consistent with the acuity studies performed at locations
up to 10 eccentricity, where the acuity was found to be
symmetrical about the fovea for both achromatic and
chromatic gratings (Anderson et al., 1991; Anderson
et al., 2002).
A large number of studies have reported a decline in
the achromatic acuity and contrast sensitivity with age
(see Sekuler, Kline, & Dismukes, 1982, for a review).
However, all these studies have been performed in the
fovea, where the optics of the eye sets the main limit to
resolution of achromatic targets and the spatial patterns
cannot be resolved because of their insuﬃcient contrast.
Thus, both optical and neural losses with age contribute
to the observed decline in foveal visual acuity. In the
periphery, optics pass higher frequencies than the un-
derlying neural array can resolve and thus the perfor-
mance is limited not by optics, but by the spacing of
neural elements in the retina (Jennings & Charman,
1981; Navarro, Artal, & Williams, 1993; Thibos et al.,
1987; Williams, Artal, Navarro, McMahon, & Brainard,
1996). The phenomenon of aliasing could be observed
peripherally even under normal viewing. The resolution
acuity is a measure of the real resolution capacity and is
directly related to the density of the ganglion cells
(Thibos et al., 1987). This evidence provides a basis to
expect that the age related decline in the resolution
acuity found by us reﬂects a decline in sampling density
of the underlying ganglion cells. The quality of the op-
tics is quite good at 10 in the periphery compared with
the resolution capacity of the neural array (Jennings &
Charman, 1981; Navarro et al., 1993; Williams et al.,
1996). The modulation transfer function of the eye at the
spatial frequency matching the Nyquist frequency of the
total ganglion cells population at this eccentricity was
estimated to be 30% even without correction of the oﬀ-
axis astigmatism (Williams et al., 1996). The Nyquist
frequency of the sub-set of ganglion cells, believed to
mediate the resolution of blue–yellow targets, the small
bistratiﬁed cells, is considerably lower, 1.3 c/d at 10
eccentricity (calculated from Dacey, 1993a) and the
SWS acuity should be minimally aﬀected by the optical
degradation. Moreover, as was shown in the companion
paper, the resolution acuity in the periphery was unaf-
fected by the blur of the retinal image in a large dioptric
range up to three dioptres in the periphery, remaining
lower than detection acuity, and aliasing was continu-
ously observed in that range. In addition, all subjects
had good central acuity and were carefully corrected at
the fovea for both viewing distance and chromatic ab-
erration, meaning that only the peripheral oblique axis
astigmatic defocus (small at this eccentricity) remained
0.1
1
0.5 0.6 0.7 0.8 0.9 1
Relative lens density
R
es
ol
ut
io
n
R
at
io
(b
-y/
ac
hr
)
R= - 0.037
Fig. 4. Scatter plot of the resolution ratio for 14 observers (41–72
years) vs. individual relative lens density/yellowing, calculated as the
ratio of scotopic sensitivity at 430 and 568 nm (unitless).
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Fig. 3. Ratio of SWS/achromatic resolution acuity. The line represents
least squares linear regression.
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uncorrected. Although we dilated our subjects to pro-
vide enough retinal illuminance and to keep it constant
because of pupil miosis in the elderly, the deterioration
of the optical quality caused by the large pupil will only
decrease the contrast of the stimuli, but it is unlikely to
aﬀect the resolution acuity. Thus, it seems unlikely that
the resolution acuity in that study has been aﬀected by
optical degradation. We also checked the inﬂuence of
another pre-retinal factor, the lens opacity. In the
companion paper where this eﬀect was simulated, the
SWS resolution acuity was found to increase gradually
with the blue luminance level and to display a plateau at
higher blue luminances (>0.5 cd/m2). Although the lu-
minance of the blue surround used in the present study
was on the plateau region, the individual diﬀerences in
lens density especially in the group of elderly subjects
could result in lower acuity if the retinal illumination is
substantially reduced. This is more likely to occur for
SWS acuity, as the surround luminance used for ach-
romatic acuity measurements was high enough to
protect the performance from the eﬀect of lenticular
changes. However, we did not ﬁnd any correlation be-
tween the SWS/achromatic resolution ratio and lens
density. Therefore, we can reasonably expect that the
resolution acuity has been limited by the ganglion cells
density rather than by pre-retinal factors. Our ﬁnding
that SWS acuity declined at the same rate as the ach-
romatic acuity suggests that there is no selective age-
related loss of SWS-driven ganglion cells. This fact,
together with the robustness of resolution acuity to the
eﬀects of moderate optical blur and lenticular change
makes this test potentially useful for clinical assessment.
Our data not only provide age norms for peripheral
SWS acuity but also suggest that any future discovery of
selective loss in pathological patients can more readily
be attributed to the disease than the patients age.
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